Abstract: This paper is aimed to validate smoothed particle hydrodynamics (SPH) on the generation and propagation of water waves. It is a classical problem in marine engineering but a still important problem because there is a strong demand to generate intended nonlinear water waves and to predict complicated interactions between nonlinear water waves and fixed/floating bodies, which is indispensable for further ocean utilization and development. A dedicated experiment was conducted in a large wave basin of Kobe University equipped with a piston-type wavemaker, at three water depths using several amplitudes and periods of piston motion for the validation of SPH mainly on the long-distance propagation of water waves. An SPH-based two-dimensional numerical wave tank (NWT) is used for numerical simulation and is accelerated by a graphics processing units (GPU), assuming future applications to realistic engineering problems. In addition, comparison of large-deformation of shallow water waves, when passing over a fixed box-shape obstacle, is also investigated to discuss the applicability to wave-structure interaction problems. Finally, an SPH-based three-dimensional NWT is also validated by comparing with an experiment and two-dimensional simulation. Through these validation studies, detailed discussion on the accuracy of SPH simulation of water waves is made as well as providing a recommended set of SPH parameters.
Introduction
Generation and propagation of water waves is a classical problem in marine engineering and coastal engineering. One of the difficulties of water wave problems is to handle wave nonlinearities and large deformations of sea-surface. There have been a lot of theoretical, experimental and numerical studies on this issue. In recent years, numerical methods have shown prominent progress among them along with the rapid development of computer performance. Especially general purpose computing on graphics processing units (GPGPU) is one of the key technologies in computer science/engineering to drastically accelerate the computation speed. By introducing the GPGPU technology, computational fluid dynamics (CFD) can be more viable and reliable solution compared to ordinary CFD computation running on central processing units (CPU).
Among CFD methods, so-called particle method has advantages to handle nonlinear free-surface flows and complicated interactions with fixed/floating bodies. One of the well-developed particle methods is smoothed particle hydrodynamics (SPH) that was originally developed for astrophysics [1, 2] and it was first applied to free-surface flow problems by Monaghan [3] . Since SPH is a mesh-less and Lagrangian method, special treatment is not required to track the free-surface while a lot of numerical difficulties and problems need to be solved in mesh-based CFDs. Therefore the particle method including SPH has been applied to violent flows or large deformation of free-surface, such as green water [4, 5] , sloshing [6, 7] , fluid-structure interactions [8, 9] . SPH simulation of water wave propagation was demonstrated by Violeau and Rogers [10] as a new free-surface capturing method compared to other methods such as volume of fluid (VOF) or level set (LS). SPH has been adopted also in coastal engineering. Dalrymple and Rogers [11] showed that SPH using different time step algorithm is able to model the breaking waves onto beaches both in two-and three-dimensions. Recent studies [12] [13] [14] applied SPH to the problem of wave propagation and showed good accuracy, but discussions were made only for short propagation-distance.
Altomare et al. [15] showed SPH verification for medium propagation-distance, in which SPH simulation was compared with the second-order Stokes theory and concluded that SPH is comparable with high-order wave theory even for medium propagation-distance. As the next step, it is expected to validate SPH simulation of water waves in long propagation-distance with systematic comparisons with experimental data measured at a large wave tank. This is important for SPH development/utilization because SPH simulation, adopting fully explicit time-marching, can be drastically accelerated by GPGPU technology so that much larger NWTs can be available in the near future. In the present paper, an open source GPGPU SPH solver, DualSPHysics [16] is used for realizing a large NWT and for validation of SPH on the wave long propagation. GPGPU technology is implemented in DualSPHysics by Crespo et al. [17] .
For the validation of SPH on generation and propagation of water waves in a large NWT, a dedicated experiment was conducted at a 60 m wave basin at Kobe University that equipped with a piston-type wavemaker. For the comprehensive validation, the experiment was conducted for three water depths covering deep to shallow water waves, and three amplitudes and two periods of piston motion of wave-making board and the wave elevation and wave pressure at a point far from the wavemaker were measured. For realizing quantitative validation, all SPH simulations were executed by directly imposing the piston motion of wave-making board measured in the experiment, as a moving-wall boundary condition (BC). In order to discuss the validity of SPH on large-deformation of wave surface, the profile of a wave surface when passing a box-shape obstacle set on the water bottom was also measured by a video camera. The comparisons between two-dimensional SPH simulation and the wave tank test demonstrated that the SPH simulation well reproduces the generation, propagation, and deformation of water waves even for the large NWT. Finally, three-dimensional SPH simulation is also performed to confirm the validity as well as two-dimensional SPH because three-dimensional effects need to be dealt with in most engineering applications. Because DualSPHysics version 4.0 has not yet been implemented in multi-GPU parallelization, it made computation cost in three-dimensional NWT is very high. Computation time will reduce when it has been implemented with multi-GPU using message passage interface (MPI) as Dominguez et al. [18] and Hashimoto et al. [9] . Through the comprehensive validations, the validity and the accuracy of SPH on generation and propagation of water waves in a large NWT are discussed with providing appropriate sets of input parameters for SPH.
SPH
SPH was initially developed for an astrophysical problem and it has been widely used in marine engineering since the first application to a free-surface flow by Monaghan [3] . SPH is a meshless and Lagrangian method that uses interpolation scheme to approximate physical values and derivatives of continuous field by using discrete evaluation points. The evaluation points are identified as smoothed particles that contain mass, velocity, and position. The quantities are obtained as a weighted average from adjacent particles within the smoothing length, h, to reduce the range of contribution from the neighbor particles. The main features of the SPH method, which is based on integral interpolants, are described in detail in [19, 20] . In SPH, the field function F(r) in domain Ω can be approximated by integral approximation as Equation (1) where W is kernel function and r is a vector of position.
The equation (1) can be approximated into a discrete form by replacing the integral with a summation over the neighboring particles in the compact support of particle a at the spatial position r, thus leading to particle approximation of equation (1) 
where the volume associated with neighboring particle b is m b /ρ b with m, ρ are mass and density. In this paper, Wendland kernel [21] is used and is shown by Equation (3)
where α D is equal to 7/4πh 2 in 2-D and 21/164πh 3 in 3-D. q is the non-dimensional distance between particles a and b that is given r/h. The momentum equation to be solved in SPH is shown in Equation (4) . 
where g is gravity acceleration, P a and P b are pressure in particle a and b. Π ab is the artificial viscosity term according to Monaghan [22] is used on this paper. Where µ ab = hv ab · is the mean speed of sound and η 2 = 0.01h 2 with α is a coefficient that needs to be tuned to get proper dissipation. In this paper we use α = 0.0001 and 0.01. The continuity equation for basic SPH is shown in Equation (5) . The additional term of delta-SPH (δ) based on Molteni and Colagrossi [23] ; Marrone et al. [24] is introduced to suppress the density fluctuation, so the equation of continuity becomes Equation (6) . In this paper delta-SPH coefficient 0.1 is used in all numerical simulation.
DualSPHysics is based on weakly compressible smoothed particle hydrodynamics (WCSPH) in WCSPH, the fluid is treated as weakly compressible, and hence a state equation given by Equation (7) is used to determine the pressure field based on the computed particle density, where b =
, γ = 7; with c o , ρ 0 and γ are the speed of sound at reference density, the reference density and, respectively, the polytrophic constant.
Experimental Condition
A dedicated experiment for the validation of SPH was conducted at a large wave basin of Kobe University, with the dimension of 60 m length, 6 m width and 0 to 1.5 m changeable water depth. The wave basin is equipped with a piston-type wavemaker that can generate both regular and irregular waves. Prior to the experiment, a wave generation trial is repeated for three water depths, those are 0.4 m, 0.75 m and 1.1 m, to find input gains that can realize the same amplitudes of the piston motion for all three water depths. The experiment was conducted as illustrated in the following. Firstly regular waves were generated for each water depth and the wave elevation at 24.6 m distance from the front face of the wave-making board was measured by a wave probe. The time-variation of wave pressure was also measured by a pressure gauge set on the bottom of the basin at the same distance as the wave probe (see Figure 1) . The positions of wave probe and pressure gauge were far enough from the wavemaker so that the validity of SPH on the long-distance propagation of water waves can be discussed. In the experiment, regular waves were generated using three piston amplitudes of the wave-making board, which were 16.5 mm, 33.0 mm and 50.5 mm. Two periods of piston motion of 1.95 s and 1.15 s were used. The piston motion of the wave-making board was measured by a laser sensor Keyence IL-600 (Keyence, Osaka, Japan) (see Figure 2 ) and the measured time histories of the piston motion are shown in Figure 3 . These time histories do not depend on the water depth and will be directly used for SPH simulation as input motions. Figure 4 shows measured wave elevation in three water depths for period of 1.15 s with amplitude 50.5 mm. Figure 5 shows measured pressure at the bottom tank for period of 1.95 s with amplitude of wavemaker 50.5 mm. Figure 6 shows the experiment set up for capture large deformations of wave surface using box-shape obstacle. Wave probe is put in the middle of the obstacle to capture the wave elevation of free-surface. The water depths were decided to cover deep water waves to shallow water waves for two wave periods. The ratio of water depth (d) to wavelength (λ) is presented in Table 1 and the combination of water depth of 1.1 m and period of 1.15 s represents the deep water waves, and the others are shallow water waves. Here the wavelength is calculated by Equation (8) which is the theoretical solution under the assumption of small wave amplitude [25] . Table 2 shows the calculated Froude number for a combination of different water depths and periods of wavemaker. Froude number is calculated with Equation (9) where d is depth, U is celerity. It shows the period of 1.15 s is subcritical flow on the other hand the period of 1.95 s is a combination of supercritical and subcritical flow. 
Numerical Condition
To reproduce the observed water waves in the experiment, a NWT with the same dimension of the wave basin used in the experiment was prepared. The schematic view of the NWTs with and without the obstacle box is shown in Figure 7 . The wave probe, the pressure sensor, and the obstacle box are also put at the same positions as the experiment. Here two-dimensional SPH simulation was executed because single directional regular waves were generated in the experiment. The parameters used in DualSPHysics were set as shown in Table 3 . Here "coefh" is defined as h/dp√2 where dp means the particle spacing. Artificial viscosity coefficient, α, needs to be tuned to get proper dissipation in water wave propagation problem. After a systematic trial, the optimal value of α was determined to 0.0001 for the subject problem, while α of 0.01 was recommended to use to get proper dissipation in a smaller NWT. Coefsound is defined Cs/ .
where Cs and dswl are the speed of sound, respectively, and the height of water in rest condition. CFL number is a coefficient to calculate time step to satisfy Courant-Friedrichs-Lewy condition. The constant particle spacing of 3.0 mm is used for SPH simulations throughout the paper. The particle spacing was determined through a grid study and its result is presented in the following section. The total number of particles for three water depths is shown in Table 4 . In SPH simulation, wave generation was executed by directly imposing the measured piston motion of wavemaker as a moving wall BC without any tuning of the piston stroke. This is an important point to discuss the correctness of physics simulated by the SPH model. 
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Generation and Propagation of Water Waves
SPH simulation was performed using an NVIDIA Titan X 12GB GDDR5. Computation time for the deepest water depth, i.e. 1.1 m, is about 65 h for 50 s simulation including 5 s stationary time for settling down the fluid particles before imposing the wave-maker movement. Firstly a grid study using several particle spacing 2.0 mm, 3.0 mm, 4.0 mm, 5.0 mm and 6.0 mm, was done to investigate the sensitivity of the numerical result to the particle spacing. Table 5 shows total number of particles for grid study for water depth 0.4 m. Figure 8 shows the result of grid study for the smallest water depth of 0.4 m with the minimum piston stroke of 16.5 mm. It shows that the evolution of wave elevation is sensitivity to particle spacing (dp). Particle spacing 2.0 mm and 3.0 mm show similar results, but to get reasonable accuracy and computation time, particle spacing 3.0 mm is more favorable to use compared to 2.0 mm. It shows increasing of particle resolution has a significant impact on the evolution of free-surface. It caused the number of particle in vertical direction is increased by decreasing particle spacing, but it also will increase of computation time and total number of particles. Table 4 . Total number of particles for three water depths.
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Results and Discussion
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SPH simulation was performed using an NVIDIA Titan X 12GB GDDR5. Computation time for the deepest water depth, i.e. 1.1 m, is about 65 h for 50 s simulation including 5 s stationary time for settling down the fluid particles before imposing the wave-maker movement. Firstly a grid study using several particle spacing 2.0 mm, 3.0 mm, 4.0 mm, 5.0 mm and 6.0 mm, was done to investigate the sensitivity of the numerical result to the particle spacing. Table 5 shows total number of particles for grid study for water depth 0.4 m. Figure 8 shows the result of grid study for the smallest water depth of 0.4 m with the minimum piston stroke of 16.5 mm. It shows that the evolution of wave elevation is sensitivity to particle spacing (dp). Particle spacing 2.0 mm and 3.0 mm show similar results, but to get reasonable accuracy and computation time, particle spacing 3.0 mm is more favorable to use compared to 2.0 mm. It shows increasing of particle resolution has a significant impact on the evolution of free-surface. It caused the number of particle in vertical direction is increased by decreasing particle spacing, but it also will increase of computation time and total number of particles. Table 5 . Particle spacing and total particles for grid study.
Water Depth d (m)
Initial Particle Spacing dp (mm) Total Number of Particles Figure 9 shows comparison results of wave elevation at 24.6 m distance from the wavemaker between the experiment and the SPH simulation for the amplitude of 50.5 mm and the period of 1.15 s of the piston motion. In all water depths, SPH shows a good agreement with the experiment in the wave amplitude from the transient state to the steady state. A certain average shift of wave elevation can be found in the SPH results as the water depth decreases. The SPH seems in good accordance with experiment. This means that the SPH simulation can reproduce the wave period and the phase velocity even in long propagation-distance. The wave surface profile is reproduced as shown in Figure 10 and it also shows that SPH has good agreement with experiment though wave profile is a non-sinusoidal shape. The quite similar result is confirmed for the cases of period 1.95 s (longer waves) as shown in Figure 11 . Figure 9 shows comparison results of wave elevation at 24.6 m distance from the wavemaker between the experiment and the SPH simulation for the amplitude of 50.5 mm and the period of 1.15 s of the piston motion. In all water depths, SPH shows a good agreement with the experiment in the wave amplitude from the transient state to the steady state. A certain average shift of wave elevation can be found in the SPH results as the water depth decreases. The SPH seems in good accordance with experiment. This means that the SPH simulation can reproduce the wave period and the phase velocity even in long propagation-distance. The wave surface profile is reproduced as shown in Figure 10 and it also shows that SPH has good agreement with experiment though wave profile is a non-sinusoidal shape. The quite similar result is confirmed for the cases of period 1.95 s (longer waves) as shown in Figure 11 . Figure 9 shows comparison results of wave elevation at 24.6 m distance from the wavemaker between the experiment and the SPH simulation for the amplitude of 50.5 mm and the period of 1.15 s of the piston motion. In all water depths, SPH shows a good agreement with the experiment in the wave amplitude from the transient state to the steady state. A certain average shift of wave elevation can be found in the SPH results as the water depth decreases. The SPH seems in good accordance with experiment. This means that the SPH simulation can reproduce the wave period and the phase velocity even in long propagation-distance. The wave surface profile is reproduced as shown in Figure 10 and it also shows that SPH has good agreement with experiment though wave profile is a non-sinusoidal shape. The quite similar result is confirmed for the cases of period 1.95 s (longer waves) as shown in Figure 11 . Figure 9 shows comparison results of wave elevation at 24.6 m distance from the wavemaker between the experiment and the SPH simulation for the amplitude of 50.5 mm and the period of 1.15 s of the piston motion. In all water depths, SPH shows a good agreement with the experiment in the wave amplitude from the transient state to the steady state. A certain average shift of wave elevation can be found in the SPH results as the water depth decreases. The SPH seems in good accordance with experiment. This means that the SPH simulation can reproduce the wave period and the phase velocity even in long propagation-distance. The wave surface profile is reproduced as shown in Figure 10 and it also shows that SPH has good agreement with experiment though wave profile is a non-sinusoidal shape. The quite similar result is confirmed for the cases of period 1.95 s (longer waves) as shown in Figure 11 . For further discussion on the prediction accuracy of steady wave amplitude, the SPH result is compared with the well-known Biesel transfer function proposed by Biésel and Suquet [26] as well as the experiment. The steady wave amplitude can be estimated by Equation (10) as a solution of linear theory. Where H is the height of wave and A is an amplitude of wave. Table 6 shows comparison results and SPH shows a smaller error than the Biesel transfer function in most conditions. The maximum error and the averaged error of the Biesel transfer function are 18.1% and 7.4% for T = 1.15 s, and 32% and 16% for T = 1.95 s. The Biesel transfer function becomes worse for smaller water depth in case of the shorter waves and becomes worse for larger amplitude in case of the longer waves. It's because of Biesel theory can't account for non-linear aspects that become more influential as the relative depth decrease. On the contrary, the maximum error and the averaged error of the SPH are 8.5% and 4.6% for T = 1.15 s, and 9.9% and 7.5% for T = 1.95 s this confirm that SPH can reproduce non-linear aspect caused by reduction of water depth. This result clearly demonstrates the capability of SPH for water wave problems in wide ranges of wavelength and water depth. It should be noted that the SPH simulations here are using constant parameters for all conditions. This fact might be one of the major reasons for that the SPH model is often used in civil engineering and coastal engineering in which the change of water depth cannot be neglected in many cases.
Looking at the SPH results in detail, the maximum and the second maximum errors is 9.8% found in the shallowest water depth. The experimental result shows that the wave amplitude decreases with the decrease of water depth and the increase of wave period. For example, the wave amplitude for water depth 0.4 m is about half the amplitude of water depth 1.1 m. Consequently, to this fact, the number of fluid particles in a wave height becomes smaller according to the decrease of water depth and the increase of wave period if a constant particle spacing is used. In the case of the maximum error, the number of particles in a wave height is 14. So it could be recommended to adopt at least 14 particles in a wave height to get appropriate accuracy. In some cases good representation was obtained using less than 14 particles [27, 28] . In case of long distance propagation it was shown that the number of particles in vertical direction (H/dp) needs to be higher than 14. The ratio of smoothing length to particle spacing is 2.83 in case of long distance propagation: this value proved to be suitable for the case of long distance propagation, but since this recommended value was For further discussion on the prediction accuracy of steady wave amplitude, the SPH result is compared with the well-known Biesel transfer function proposed by Biésel and Suquet [26] as well as the experiment. The steady wave amplitude can be estimated by Equation (10) as a solution of linear theory. Where H is the height of wave and A is an amplitude of wave. Table 6 shows comparison results and SPH shows a smaller error than the Biesel transfer function in most conditions. The maximum error and the averaged error of the Biesel transfer function are 18.1% and 7.4% for T = 1.15 s, and 32% and 16% for T = 1.95 s. The Biesel transfer function becomes worse for smaller water depth in case of the shorter waves and becomes worse for larger amplitude in case of the longer waves. It's because of Biesel theory can't account for non-linear aspects that become more influential as the relative depth decrease. On the contrary, the maximum error and the averaged error of the SPH are 8.5% and 4.6% for T = 1.15 s, and 9.9% and 7.5% for T = 1.95 s this confirm that SPH can reproduce non-linear aspect caused by reduction of water depth. This result clearly demonstrates the capability of SPH for water wave problems in wide ranges of wavelength and water depth. It should be noted that the SPH simulations here are using constant parameters for all conditions. This fact might be one of the major reasons for that the SPH model is often used in civil engineering and coastal engineering in which the change of water depth cannot be neglected in many cases.
Looking at the SPH results in detail, the maximum and the second maximum errors is 9.8% found in the shallowest water depth. The experimental result shows that the wave amplitude decreases with the decrease of water depth and the increase of wave period. For example, the wave amplitude for water depth 0.4 m is about half the amplitude of water depth 1.1 m. Consequently, to this fact, the number of fluid particles in a wave height becomes smaller according to the decrease of water depth and the increase of wave period if a constant particle spacing is used. In the case of the maximum error, the number of particles in a wave height is 14. So it could be recommended to adopt at least 14 particles in a wave height to get appropriate accuracy. In some cases good representation was obtained using less than 14 particles [27, 28] . In case of long distance propagation it was shown that the number of particles in vertical direction (H/dp) needs to be higher than 14. The ratio of smoothing length to particle spacing is 2.83 in case of long distance propagation: this value proved to be suitable for the case of long distance propagation, but since this recommended value was derived from the results in a long NWT for a wide range of wave condition, it is expected to be applicable in similar conditions with the same parameters that were used in this case. SPH showed the good agreement of wave elevation but it was confirmed only for one position, i.e. 24.6 m from the wavemaker. Therefore the measurement of wave elevation was carried at three different distance, those are 10.0 m, 20.0 m and 30.0 m from the wavemaker. The comparisons of steady amplitude at three different positions are shown in Figure 12 . The SPH results show good agreement not only in the wave amplitude but also in the damping rate of wave amplitude along the propagation-distance. This result suggests both the energy conservation and the energy consumption are well achieved by SPH.
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Deformation of Wave-Surface
Next, the SPH model was applied to a problem of large deformation of wave-surface. Here the wave-surface deformation was occurred due to the sudden change of water depth by putting a boxshape obstacle as same as the experiment. The amplitude and the period of wavemaker are 50.5 mm 
Next, the SPH model was applied to a problem of large deformation of wave-surface. Here the wave-surface deformation was occurred due to the sudden change of water depth by putting a box-shape obstacle as same as the experiment. The amplitude and the period of wavemaker are 50.5 mm and 1.15 s. Figure 13 shows the comparison of wave elevation at the middle position of the box-shape obstacle. Due to the so-called bank effect, wave crest was stretched in the experiment, and the SPH simulation provides a fairly similar result. In the visual comparisons of a snapshot of wave-surface deformation shown in Figure 14 , the simulated wave-surface indicated by red dashed line looks quite similar with the measured wave-surface indicated by purple solid line even with the large deformation involving wave-breaking. Figure 13 shows the comparison of wave elevation at the middle position of the box-shape obstacle. Due to the so-called bank effect, wave crest was stretched in the experiment, and the SPH simulation provides a fairly similar result. In the visual comparisons of a snapshot of wave-surface deformation shown in Figure 14 , the simulated wave-surface indicated by red dashed line looks quite similar with the measured wave-surface indicated by purple solid line even with the large deformation involving wave-breaking. 
Wave Pressure
In this subsection, the validation of SPH on the wave dynamic pressure is attempted. Before that, the hydrostatic pressure at rest condition is calculated by SPH (see Figure 15 ) and is compared with the analytical solution. The analytical solution of hydrostatic pressure at the bottom of the tank is 7.30 kPa and that of SPH is 7.28 kPa, so the error of SPH is only 0.9%. Figure 13 shows the comparison of wave elevation at the middle position of the box-shape obstacle. Due to the so-called bank effect, wave crest was stretched in the experiment, and the SPH simulation provides a fairly similar result. In the visual comparisons of a snapshot of wave-surface deformation shown in Figure 14 , the simulated wave-surface indicated by red dashed line looks quite similar with the measured wave-surface indicated by purple solid line even with the large deformation involving wave-breaking. 
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In this subsection, the validation of SPH on the wave dynamic pressure is attempted. Before that, the hydrostatic pressure at rest condition is calculated by SPH (see Figure 15 ) and is compared with the analytical solution. The analytical solution of hydrostatic pressure at the bottom of the tank is 7.30 kPa and that of SPH is 7.28 kPa, so the error of SPH is only 0.9%. Figure 16 shows the pressure variation over time calculated at several depths. Here the depth of 1.1 m means that pressure sensor is at the bottom of the tank, and the depth equal to 0 m means that the corresponding pressure sensor is at the original calm-water surface. Significant high-frequency pressure fluctuations appear at a pressure sensor located at the bottom of the tank, but these high-frequency fluctuations decrease as the detection position moves to near the free-surface. Because pressure noise is very strong in the bottom of the tank it was more favorable using pressure sensor at the original calm-water surface. Because DualSPHysics is based on Weakly Compressible SPH (WCSPH) pressure oscillations are caused by density allowed to fluctuate while Incompressible SPH (ISPH) will give more stable result on pressure field [29] [30] [31] . Therefore the experimental result of wave pressure was converted from the bottom to the calm-water surface by multiplying cosh (2πd/λ) with the measured pressure, based on the linear wave theory. Figures 17 and 18 show the comparison results of wave dynamic pressure in the case of the maximum amplitude of piston motion. Note that the hydrostatic pressure is already subtracted from the measurement data, and the SPH result can be obtained only when the evaluation point is under the wave-surface. For all the investigated combinations of wave period and water depth, wave dynamic pressure predicted by SPH at free surface is acceptable as well as the wave elevation discussed before. Because the pressure sensor is located at free-surface, the negative pressure cannot capture by SPH. Further investigation of dynamic pressure at bottom of the tank is needed and will be carried out in future works. However, this paper mainly focused on the propagation of water waves for long distance, which is an essential element to be used in ocean engineering research. In case of floating bodies in a wave, for example, the contribution to the hydrodynamic force acting on the floating bodies is limited to around the free surface, and the accuracy of SPH simulation was confirmed at least near the free surface by this study. 
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Validation of 3-D SPH Simulation
All the discussions until here were based on the comparison results between the twodimensional (2-D) SPH and the experiment. Since three-dimensional (3-D) simulation is sometimes required depending on problems, experimental validation of 3-D SPH is also attempted. However, it is difficult to use the same experimental data used in the 2-D SPH validation because the tremendous number of particles is required for realizing the same size of 3-D NWT. Therefore a new experiment was conducted that is suitable for the 3-D SPH validation on water waves. The experiment was conducted at the same wave basin of Kobe University and the location of the wave probe and pressure sensor was 6.0 m from the wave-maker. Regular wave trains were generated with A = 50.5 mm and T = 1.15 s for water depths of 0.4 m and 0.75 m.
The particle spacing of 3.0 mm was used in 2-D validation, so the same particle spacing is preferable to use in 3-D. However, there is a limit of an available number of particles using single GPU because of DualSPHysics ver. 4.0 has not yet implemented the parallelization using multi GPUs. For this reason, particle spacing of 4.5 mm, 1.5 times large as the 2-D case, was used for 3-D SPH simulation. In this case, the number of particles in a wave height is 28, for the water depth of 0.4 m. The dimension of NWT is shown in Figure 19 . In this subsection, the 2-D NWT and the 3-D NWT have the same dimension and the width of 3-D NWT is 0.3 m. The numerical parameters for 3-D SPH are shown in Table 7 . As the length of 3-D NWT is much shorter than that of 2-D NWT, a smaller value of coefh, compared to the 2-D SPH in Table 3 , was used to avoid excessive computational load. The coefficient artificial viscosity, α, is also different from the 2-D SPH because its optimal value depends on other parameters, like coefh. The total number of particles for the 3-D NWT is more than 35 million for the deepest water depth, so the shallow and medium water depths, 0.4 m and 0.75 m, are only used (see Table 8 ). The computation time to complete 30 seconds simulation is about 2.5 weeks for the water depth of 0.75 m. 
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Kernel function Wendland
Time step algorithm Symplectic The wave elevation of water waves 3-D SPH was compared with the experiment as well as the 2-D simulation for water depths of 0.4 m and 0.75 m, as shown in Figure 20 . Here the 2-D simulation was performed using the same parameter set for the 3-D SPH, presented in Table 7 , while the same particle spacing of 4.5 mm was used. The accuracies of wave elevation by 2-D and 3-D seem to be practically acceptable in term of wave elevation, but the accuracy of phase celerity by 3-D SPH becomes slightly worse 4% for the case of medium water depth with error is 6.8% for steady amplitude. This could be related to the smaller smoothing length was used for the 3-D simulation to reduce the computation time and number of particles in vertical direction are also needed to increase to get appropriate accuracy. Table 8 . Particle spacing and the total number of particles in 3-D.
Initial particle spacing dp ( The wave elevation of water waves 3-D SPH was compared with the experiment as well as the 2-D simulation for water depths of 0.4 m and 0.75 m, as shown in Figure 20 . Here the 2-D simulation was performed using the same parameter set for the 3-D SPH, presented in Table 7 , while the same particle spacing of 4.5 mm was used. The accuracies of wave elevation by 2-D and 3-D seem to be practically acceptable in term of wave elevation, but the accuracy of phase celerity by 3-D SPH becomes slightly worse 4% for the case of medium water depth with error is 6.8% for steady amplitude. This could be related to the smaller smoothing length was used for the 3-D simulation to reduce the computation time and number of particles in vertical direction are also needed to increase to get appropriate accuracy.
The velocity field and velocity vector are shown in Figure 21 . Using a passive wave absorber, i.e. sloped beach, reflected waves are well eliminated, so the wave elevation by the simulation can be directly compared with the experiment. The hydrostatic pressure by 3-D SPH for water depth 0.75 m is shown in Figure 22 . As same as the 2-D case, the smoothed pressure graduation can be confirmed. In this case, static pressure at the bottom of the tank is 7.17 kPa and the analytic solution is 7.30 kPa its difference 2.3%. Comparison results of wave dynamic pressure of the experiment and the 2-D SPH and the 3-D SPH are shown in Figure 23 . The good agreement of 3-D SPH and the experiment can be found for the shallow condition. The decline in accuracy is found for the middle water depth as same as the wave elevation. Because the wave dynamic pressure is validated at the height of the original calm water surface, it is easily imagined that they are closely related to each other. The velocity field and velocity vector are shown in Figure 21 . Using a passive wave absorber, i.e. sloped beach, reflected waves are well eliminated, so the wave elevation by the simulation can be directly compared with the experiment. Table 8 . Particle spacing and the total number of particles in 3-D.
Initial particle spacing dp (mm) The wave elevation of water waves 3-D SPH was compared with the experiment as well as the 2-D simulation for water depths of 0.4 m and 0.75 m, as shown in Figure 20 . Here the 2-D simulation was performed using the same parameter set for the 3-D SPH, presented in Table 7 , while the same particle spacing of 4.5 mm was used. The accuracies of wave elevation by 2-D and 3-D seem to be practically acceptable in term of wave elevation, but the accuracy of phase celerity by 3-D SPH becomes slightly worse 4% for the case of medium water depth with error is 6.8% for steady amplitude. This could be related to the smaller smoothing length was used for the 3-D simulation to reduce the computation time and number of particles in vertical direction are also needed to increase to get appropriate accuracy.
The velocity field and velocity vector are shown in Figure 21 . Using a passive wave absorber, i.e. sloped beach, reflected waves are well eliminated, so the wave elevation by the simulation can be directly compared with the experiment. The hydrostatic pressure by 3-D SPH for water depth 0.75 m is shown in Figure 22 . As same as the 2-D case, the smoothed pressure graduation can be confirmed. In this case, static pressure at the bottom of the tank is 7.17 kPa and the analytic solution is 7.30 kPa its difference 2.3%. Comparison results of wave dynamic pressure of the experiment and the 2-D SPH and the 3-D SPH are shown in Figure 23 . The good agreement of 3-D SPH and the experiment can be found for the shallow condition. The decline in accuracy is found for the middle water depth as same as the wave elevation. Because the wave dynamic pressure is validated at the height of the original calm water surface, it is easily imagined that they are closely related to each other. The hydrostatic pressure by 3-D SPH for water depth 0.75 m is shown in Figure 22 . As same as the 2-D case, the smoothed pressure graduation can be confirmed. In this case, static pressure at the bottom of the tank is 7.17 kPa and the analytic solution is 7.30 kPa its difference 2.3%. Comparison results of wave dynamic pressure of the experiment and the 2-D SPH and the 3-D SPH are shown in Figure 23 . The good agreement of 3-D SPH and the experiment can be found for the shallow condition. The decline in accuracy is found for the middle water depth as same as the wave elevation. Because the wave dynamic pressure is validated at the height of the original calm water surface, it is easily imagined that they are closely related to each other.
Since 2-D SPH was well validated for 2-D water waves in the former sections and the 3-D SPH showed comparable accuracy with 2-D SPH for the smaller NWT, it can be concluded the SPH can partly reproduce the physical character and behavior of water waves with suitable accuracy from the engineering point of view. Correct assessment of the accuracy of pressure fields requires further investigation to compare measured and calculated values at the same depth. 
Conclusions
Systematic validation of SPH on the generation and propagation of water waves was attempted for further utilization of SPH in engineering. A dedicated experiment was conducted at a large wave basin for several water depths to obtain validation data on water waves. The 2-D simulations were executed using the numerical wave tank that has the same dimension with the real wave basin. In addition, the wave generation was executed by directly imposing the measured piston motion of wavemaker as the moving wall boundary condition. As the results of the comparison of the experiment and SPH, it is demonstrated that SPH can suitably reproduce some relevant features of the wave generation regardless of the propagation distance. Through the validation study, a recommended parameters for water wave problems was derived based on long distance propagation. In addition, the decay rate of wave amplitude along the wave tank and the large deformation of wave-surface due to the existence of obstacle were examined, and then the accuracy of SPH was satisfactory. Finally, 3-D SPH simulations of water waves were performed using a small numerical wave tank and were validated through comparisons with the experiment. As it was shown the SPH simulation can suitably reproduce, for a wide range of water depth, some characteristics of the surface profile, deformation and the celerity. In order to assess the accuracy of dynamic pressure prediction, further investigation are required. 
